Children with unilateral spastic cerebral palsy (CP) often have mirror movements, i.e. involuntary imitations of unilateral voluntary movements of the contralateral upper extremity. The pathophysiology of mirror movements has been investigated in small and heterogeneous cohorts in the literature. Specific pathophysiology of mirror movements and their impact on upper extremity function require systematic investigation in larger and homogeneous cohorts of children with unilateral spastic CP. Here we review two possible neurophysiological mechanisms underlying mirror movements in children with CP and those with typical development: (1) an ipsilateral corticospinal tract projecting from the contralesional motor cortex (M1) to both upper extremities; (2) insufficient interhemispheric inhibition between the two M1s. We also discuss clinical implications of mirror movements in children with unilateral CP and suggest that a thorough examination of the relationship between the pathophysiology and clinical manifestations of mirror movements is warranted. We suggest two premises: (1) the presence of mirror movements is indicative of an ipsilateral corticospinal tract reorganization; and (2) the corticospinal tract organization may affect patients' responses to certain treatment. If these premises are supported through future research, mirror movements should be clinically evaluated for patient selection to maximize benefits of therapy, hence promoting individualized medicine in this population.
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Children with unilateral spastic cerebral palsy (CP) often have mirror movements, i.e. involuntary imitations of unilateral voluntary movements of the contralateral upper extremity. The pathophysiology of mirror movements has been investigated in small and heterogeneous cohorts in the literature. Specific pathophysiology of mirror movements and their impact on upper extremity function require systematic investigation in larger and homogeneous cohorts of children with unilateral spastic CP. Here we review two possible neurophysiological mechanisms underlying mirror movements in children with CP and those with typical development: (1) an ipsilateral corticospinal tract projecting from the contralesional motor cortex (M1) to both upper extremities; (2) insufficient interhemispheric inhibition between the two M1s. We also discuss clinical implications of mirror movements in children with unilateral CP and suggest that a thorough examination of the relationship between the pathophysiology and clinical manifestations of mirror movements is warranted. We suggest two premises: (1) the presence of mirror movements is indicative of an ipsilateral corticospinal tract reorganization; and (2) the corticospinal tract organization may affect patients' responses to certain treatment. If these premises are supported through future research, mirror movements should be clinically evaluated for patient selection to maximize benefits of therapy, hence promoting individualized medicine in this population.
Successful performance of motor tasks requires not only proper movement planning, but the capacity of inhibiting unnecessary and involuntary movements. 1 Mirror movements are defined as unintentional imitation of voluntary movement of the contralateral upper extremity. 2 It has been shown that physiological mirror movements are the default motor program during development. 3 Movement lateralization requires the maturation of the entire neural network. Persistence of strong mirror movements could negatively impact effective performance of asymmetrical bimanual activities (e.g. tying shoes). Here we aim to discuss two possible neurophysiological mechanisms of mirror movements in children with cerebral palsy (CP) and children with typical development. We then review studies addressing the impact of mirror movements and children's corticospinal tract organization on hand function in children with unilateral spastic CP. Finally, we discuss how these findings may inform researchers and clinicians about potential future studies and therapeutic considerations. An early version of this paper was presented at the Groningen Early Intervention Meeting held in April 2016.
NEUROPHYSIOLOGICAL MECHANISMS OF MIRROR MOVEMENTS
Symmetrical bilateral or physiological mirror movements are considered the default and basic motor program that humans or monkeys are born with. 3, 4 It was demonstrated that successful unilateral movements require not only activation of the primary motor cortex (M1) contralateral to the voluntary hand and inhibition of the M1 ipsilateral to the voluntary hand, but the circuits between the primary and secondary motor areas (supplementary motor area and dorsal premotor cortex) to counterbalance the default mirror movements. 4 Therefore, mirror movements may be induced when fatigued or performing unfamiliar tasks in otherwise healthy adults. 5 The neural network is aberrant in children with congenital brain injury. The interplays between the primary and secondary motor areas and the interhemispheric inhibition needed for successful unilateral movements are affected. Thus far, two neurophysiological mechanisms have been examined to elucidate the neurophysiology of mirror movements in children with CP: (1) an ipsilateral corticospinal tract projecting from the non-lesioned motor cortex (M1) to homologous muscles; 6 and (2) co-activation of bilateral M1 resulting from insufficient interhemispheric inhibition (IHI). 7 These mechanisms are discussed in detail below. The first potential mechanism underlying mirror movements is an ipsilateral corticospinal pathway projecting from the non-lesioned M1 to bilateral upper extremities. In an observational study, Carr et al. 6 used transcranial magnetic stimulation (TMS), electromyography, and cutaneomuscular reflexes to study the corticospinal tract reorganization in groups of patients with various degrees of mirror movements. One group studied consisted of patients with unilateral spastic CP with intense mirror movements (score 3 or 4 on a 0-4 scale).
2 Stimulation of the contralesional M1 with single-pulse TMS evoked bilateral motor evoked potentials (MEPs). Significant cross-correlations were found from bilateral electromyography, indicating presence of common descending motor volleys to homologous hand muscles. Additionally, concurrent reflex recordings from both hands (when stimulating the unaffected hand) suggest a branched ipsilateral corticospinal tract. The remaining participants studied (a combination of congenital or acquired brain injury) had zero or low intensity of mirror movements (scores 0-2); nor did their electromyography or nerve reflex findings demonstrate an ipsilateral pathway. Similar findings of an ipsilateral corticospinal tract projecting to bilateral upper extremities were also demonstrated in an animal model of unilateral spastic CP, and in longitudinal neurophysiological studies in children with unilateral spastic CP probed by TMS. 8, 9 We discuss these parallel findings below. Corticospinal tract development is driven by activitydependent competition and motor experience. 10 Perinatal brain dysfunction in a feline model of unilateral spastic CP disrupts typical axonal development. Projections from the ipsilesional M1 lose their competitive equality with the opposite M1. In contrast, projections from the contralesional M1 secure a competitive advantage over the ipsilesional M1. The axons projecting from the ipsilesional M1 maintain only sparse connections that fail to terminate in their typical targets in the spinal cord. In contrast, axons projecting from the contralesional M1 make functional connections with bilateral spinal cord. Two animal studies showed the neurophysiology of mirror movements and the effects of therapy in restoring the spinal circuits. In their first study, Serradj et al. 11 showed that an ipsilateral corticospinal tract projecting to both forelimbs may result in atypical bilateral movements during exploratory behaviors in EphA4 (spinal cord midline axon repellent protein) knockout mice. Serradj and Martin 12 subsequently demonstrated that constraint therapy (constraint of the ipsilesional limb) restores the 'miswiring' of the corticospinal circuits. Specifically, constraint therapy reduced ipsilateral synaptic connections, percentage of mirror sites in M1, and bilateral movements during exploratory behaviors. These translational studies serve as a mechanistic model for elucidating mechanism underlying mirror movements.
The activity-dependent competition mechanism may also underlie the corticospinal tract reorganization processes in some children with unilateral spastic CP. Using TMS, Eyre et al. 8 showed that at~6 months of age, stimulating the contralesional M1 in children with unilateral spastic CP often elicits MEPs in both upper extremities. Stimulating the ipsilesional M1 with TMS often elicits contralateral MEP with decreased amplitude or fails to elicit responses. By 24 months in children with unilateral spastic CP, stimulating the contralesional M1 induced bilateral MEPs with similar onset latencies, whereas stimulating the ipsilesional M1 did not elicit MEP responses. It was reported that approximately 40% to 50% of children with unilateral spastic CP have their more affected upper extremity controlled only by the ipsilateral corticospinal tract projecting from the contralesional M1 ( Fig. 1) . 13 Staudt et al. 9, 14 showed that an ipsilateral corticospinal tract reorganization may be associated with the presence of mirror movements. They further elucidated that only mirror movements in the more-affected hand appeared to be a clinical sign of an ipsilateral pathway, whereas mirror movements in the lessaffected hand may not be specifically related to the corticospinal tract.
14 Whereas the salience of mirror movements in either the more-or the less-affected hand is controversial and may be sensitive to methodology, 2,9,15 a common cortical origin projecting to bilateral upper extremity is the common mechanism across studies ( Fig. 1 a1) .
A second potential mechanism of mirror movements -coactivation of bilateral M1 -has been shown in physiological mirror movements in typically developing children, 5 children with bilateral spastic CP, 7 and congenital mirror movements. 3 Physiological mirror movements are present in typically developing children and decline by~10 years of age. 5, 16 Mayston et al. 5 studied the mechanism of physiological mirror movements. They did not find evidence of crosscorrelation in bilateral fingers electromyography in typically developing children. Rather, the increased cortical activation in the M1 contralateral to the mirroring hand during voluntary movements of the opposite hand and variable IHI findings (mostly insufficient IHI) suggested bilateral M1s coactivation during unilateral movements. A drawback of this study is that the authors did not examine the corticospinal tract organization by probing with TMS. Therefore, they could not reject the possibility that both insufficient IHI and a common ipsilateral motor representation may concurrently underlie physiological mirror movements in typical development. More recently, Koerte et al. 7 investigated mirror movements (measured by both behavioral and force testing), IHI (measured by ipsilateral silent period), and fiber tractography (measured by diffusion tensor imaging) of the transcallosal and corticospinal pathways in children with bilateral spastic CP and typically developing children.
What this paper adds
• Mirror movements may be indicative of the underlying corticospinal tract reorganization in children with unilateral spastic cerebral palsy (CP).
• Future research will benefit from systematic investigations of the relationship between mirror movements and its pathophysiology.
• Mirror movements may be a potential biomarker for individualized medicine in children with unilateral spastic CP.
Whereas the difference in the ipsilateral silent period between the two groups did not reach statistical significance, the authors concluded that the decreased fiber integrity in the transcallosal pathways and the weaker IHI may possibly cause the increased intensity of mirror movements in children with bilateral spastic CP. However, it is important to note that the underlying mechanism of mirror movements could vary in different subtypes of CP.
These two possible neurophysiological mechanisms (presence of an ipsilateral corticospinal tract and co-activation of bilateral M1/decreased IHI) may explain the pathological mirror movements in children with CP. Thus far, most studies of children with unilateral spastic CP showed evidence supporting the first hypothesis that an ipsilateral corticospinal tract underlies the occurrence of pathological mirror movements, given the high incidence of the contralesional cortical control of both hands and parallel findings from animal and human studies. Nevertheless, considering some children with unilateral spastic CP have both M1s controlling their more affected hand as evaluated by TMS, 13, 14, 17 it is also conceivable that both an ipsilateral corticospinal tract and weakened IHI together drive the intensity of mirror movements in these children with a mixed corticospinal tract projection. Studies examining multiple brain areas and neural network are needed to unfold the pathophysiology.
FUNCTIONAL IMPACT OF MIRROR MOVEMENTS IN CHILDREN WITH UNILATERAL SPASTIC CP
It was demonstrated that patients with mirror movements in the non-affected hand have worse hand function than those without in the adult stroke population. 18 The presence of mirror movements was suggested to be associated with the neuroplastic recovery after stroke. Children's corticospinal tract organization might be influenced by brain lesion type, size, and location. 9, 14 For instance, children with larger lesion were more likely to have an ipsilateral corticospinal tract organization than those with smaller lesion within periventricular lesion type.
14 Children with an ipsilateral corticospinal tract projection were reported to have a more impaired hand function as compared to other corticospinal tract patterns (Fig. 2) . 19 Considering the major mechanism that an ipsilateral corticospinal tract underlies the pathological mirror movements in children with unilateral spastic CP, it then becomes difficult to tease apart whether it is (1) the lesion type/size/location, (2) the ipsilateral corticospinal tract (a neurophysiological indicator), or (3) mirror movements (a behavioral by-product of the corticospinal tract) affecting functional performance in children with unilateral spastic CP. Within the scope of this review, we discuss studies thus far examining the functional impact of mirror movements in children with unilateral spastic CP below.
Kuhtz-Buschbeck et al. 15 suggested that mirror movements may disturb bimanual functional skills. They found significant correlations between the amount of mirror movements (measured with force transducers) and the scores of bimanual function (measured by six bimanual tasks including carrying a tray, opening a bottle, cutting a sausage with a knife, holding and cutting paper with scissors, buttoning, and tying a knot). It should be noted that correlations do not directly translate to causation. In addition, the distribution of the bimanual scores appeared highly variable for participants with a very low amplitude of mirror activity. Therefore, it is likely that other factors also contributed to children's performance of bimanual activities.
Islam et al. 20 were the first to directly test the impact of mirror movements on an asymmetrical bimanual task. Participants were instructed to perform two tasks: (1) held grip devices in both hands and then placed the smaller device on 27 Figure 2b is from Smorenburg et al. 13 Permission of reuse of all figures has been granted. Use of Figure 2b is under STM permission guidelines.
top of the bigger device; (2) held devices in both hands and then compressed a device with one hand repeatedly. Results from the first task showed that temporal coordination of bimanual grip force coordination was impaired in children with unilateral spastic CP as compared to typically developing children. Findings from the second task showed that there was only one participant (out of two with strong mirror movements) decreased slightly in the grip force of the holding hand immediately after the decrease in the grip force of the releasing hand. They concluded that there was insufficient impact of mirror movements on grip force modulation. However, the inclusion criterion that participants had to perform the first task successfully may have excluded those children with strong mirror movements. Researchers should be cautious that the conclusion of this study could only be applied to that specific task and sample. Adler et al. 21 was the first to compare children with and without mirror movements using a timed functional outcome measure. They developed a new assessment, Bimanual Activities Negatively Influenced by Mirror Movements (BANIMM), which evaluates the time to complete five bimanual activities (opening a chocolate bar, poking a straw into a drinking package, unwrapping a piece of candy, opening a bag of chips, and twisting off a cap of a full plastic bottle). Multivariate analysis showed that mirror movements had a significant negative impact on the time to perform the BANIMM, and a trend of a negative impact of mirror movements on the bimanual hand function scores measured by the Assisting Hand Assessment, independent of children's unimanual function (measured by Jebsen-Taylor test of hand function). Specifically, children with mirror movements moved more slowly in the time to complete the BANIMM than those without mirror movements. Future studies using quantitative measures to examine mirror movements (e.g. force transducers) may adopt similar statistical models to systematically examine the relationship between the amplitude of mirror movements and its impact on hand function. Klingels et al. 22 investigated how mirror movements may be correlated with children's hand function and brain lesion type in 78 children with unilateral spastic CP. They found that stronger mirror movements in the less-affected hand were slightly to moderately correlated (r=À0.29-0.41) with muscle weakness and lower scores in either the unimaual (Jebsen-Taylor test of hand function) or bimanual (Assisting Hand Assessment) hand function. Additionally, differences in the intensity of mirror movements in the more-affected hand were associated with brain lesion type. Specifically, children with earlier brain lesion showed stronger mirror movements. This study is the first to explore mirror movements and its relationship using an exhaustive list of hand function assessments. Their findings further supported that mirror movements may negatively impact hand function in children with unilateral spastic CP by fair-moderate correlations between mirror movements and hand function. Yet again, correlation doesn't mean causation. Additionally, this does not tease apart whether it is the lesion type or mirror movements that impacts hand function. Deeper probing into how mirror movements may directly impact functional tasks is still needed.
Recently, Zielinski et al. 23 tested whether mirror movements are related to developmental disregard or hand function. They calculated the intensity of mirror movements by the maximum correlation-coefficient obtained from crosscorrelating signals of force transducers from both hands in a unimanual squeezing task. Developmental disregard, upper limb capacity, and upper limb performance were measured by 'revised Video-Observation Arts and Arts module: Determine Developmental Disregard'. They reported no relationship between the intensity of mirror movements and developmental disregard. Yet, stronger mirror movements were associated with worse bimanual performance and capacity. Interestingly, they reported seven children with more severe level of impairment (Manual Ability Classification System ≥II) might utilize mirror movements as an assistive strategy (using voluntary movement in the less-affected hand to produce movements in the more-affected hand). This coincides with findings in the study of Carr et al. 6 in which they showed that participants with mirror movements had better ability to perform independent finger movements than those without mirror movements when MEP responses were absent while stimulating the ipsilesional M1 with TMS. Whether children with a more severe impairment level may utilize mirror movements as a strategy to assist their functional performance remains an open question and requires further investigation.
POTENTIAL IMPACT OF CORTICOSPINAL TRACT ORGANIZATION ON CHILDREN'S RESPONSIVENESS TO INTENSIVE THERAPY IN CHILDREN WITH UNILATERAL SPASTIC CP
While intensive hand therapy (i.e. constraint-induced movement therapy (CIMT) or intensive bimanual therapy) has been shown to be effective in improving children's hand function at a group level, there is high variability in outcomes among individuals. 24, 25 Intensive hand therapy is costly and typically requires a great amount of time and family commitment. Identification of specific biomarkers would allow researchers and clinicians to assign therapies to those 'responders'. There are emerging studies investigating whether the corticospinal tract organization may predict children's responsiveness to certain therapies. 13, 26, 27 Thus far, studies showed inconsistent findings regarding whether the corticospinal tract organization patterns influences treatment efficacy in children with unilateral spastic CP. In a homogenous cohort study, Kuhnke et al. 27 showed that children improved in the quality component of Wolf Motor Function Test after CIMT, regardless of their corticospinal tract projection patterns. Yet they found children with an ipsilateral corticospinal tract projection moved more slowly after CIMT, whereas children with a contralateral corticospinal tract projection moved faster after CIMT, as measured by the speed component of Wolf Motor Function Test (Fig. 2a) . In contrast, in a relatively heterogeneous cohort, Islam et al. 26 found no evidence of such difference in the corticospinal tract organization on children's responsiveness to CIMT, as measured by the Jebsen-Taylor test of hand function.
To summarize, the contrast between the two studies is that Islam et al. did not find differential effect of corticospinal tract organization on responsiveness after CIMT, whereas Kuhnke et al. found participants with an ipsilateral projection moved more slowly after CIMT. The differences between the two studies may possibly arise from the patient characteristics of two cohorts. In our recent study, 13 we did not find evidence of such influence of children's corticospinal tract organization on the responsiveness to intensive bimanual therapy (Fig. 2b) . While we definitely need more randomized controlled trials to answer this important research question testing the influence of corticospinal tract organization patterns on treatment efficacy, the neurophysiological mechanism that mirror movements are indicative of the presence of an ipsilateral corticospinal tract projection would suggest utilizing mirror movements as a biomarker and a clinical surrogate of the corticospinal tract patterns since TMS or diffusion tensor imaging is not widely available in clinics. 28, 29 Such information is potentially important for improving treatment planning, patient selection, and precision medicine for children with unilateral spastic CP.
CONCLUSIONS AND FUTURE CONSIDERATIONS
In summary, two neurophysiological mechanisms possibly underlie mirror movements in children with CP: (1) an ipsilateral corticospinal tract projecting from the nonlesioned M1 to bilateral upper extremities, and (2) bilateral M1 co-activation resulting from insufficient IHI. The first hypothesis has more support in the literature in children with unilateral spastic CP, 6, 9 and is also supported by animal model of unilateral spastic CP studies. [10] [11] [12] Recent studies sought to investigate the impact of mirror movements on hand function. Thus far, studies showed a low to moderate association between mirror movements and unimanual or bimanual hand function measures. 15, 22, 23 It was shown by Kuhtz-Buschbeck et al. 15 that children can suppress mirror movements (suppressed to 35%-50% of baseline level) when they paid attention to the involuntary force output (displayed visually), although force output was compromised in the voluntary hand. In other words, mirror movements can be partially remediated with attention/visual feedback, but perhaps at the cost of task performance. If mirror movements indeed negatively impact function as suggested by most studies, the next logical step would be to search for an appropriate treatment for reducing it without sacrificing functional performance. 15, 21 Future studies should systematically evaluate mirror movements using comprehensive measures to understand the anatomical (e.g. diffusion tensor imaging), neurophysiological (e.g. TMS), and behavioral components of mirror movements in children with unilateral spastic CP. Most clinicians treating hand function in unilateral spastic CP will not have access to TMS or diffusion tensor imaging to determine the corticospinal tract organization. The question remains whether a simple clinical test of mirror movements could be an inexpensive and quickly obtainable surrogate. To make results applicable clinically, we suggest future studies to adopt objective measures (e.g. force transducer) and standardized behavioral testing. Additionally, examining the entire neural network would strengthen our understanding of the mechanisms. Finally, future research should aim to tease apart whether the more impaired hand function is due to the lesion characteristics, the ipsilateral pathway being 'maladaptive', or the impact of mirror movements. A thorough examination of mirror movements, a manifestation of multi-factorial neurophysiology, may afford clinicians/researchers to utilize mirror movements as a valuable biomarker for advancing treatment strategies, patient selection, and individualized medicine.
